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Electron paramagnetic resonance (EPR)Ni-containing Carbon Monoxide Dehydrogenases (CODHs) catalyze the reversible conversion between CO and
CO2 and are involved in energy conservation and carbon ﬁxation. These homodimeric enzymes house two
NiFeS active sites (C-clusters) and three accessory [4Fe–4S] clusters. The Desulfovibrio vulgaris (Dv) genome con-
tains a two-gene CODH operon coding for a CODH (cooS) and a maturation protein (cooC) involved in nickel in-
sertion in the active site. According to the literature, the question of the precise function of CooC as a chaperone
folding the C-cluster in a form which accommodates free nickel or as a mere nickel donor is not resolved. Here,
we report the biochemical and spectroscopic characterization of two recombinant forms of the CODH, produced
in the absence and in the presence of CooC, designated CooS and CooSC, respectively. CooS contains no nickel and
cannot be activated, supporting the idea that the role of CooC is to fold the C-cluster so that it can bind nickel. As
expected, CooSC isNi-loaded, reversibly converts CO andCO2, displays the typical Cred1 and Cred2 EPR signatures of
the C-cluster and activates in the presence of methyl viologen and CO in an autocatalytic process. However, Ni-
loaded CooSC reaches maximum activity only upon reductive treatment in the presence of exogenous nickel, a
phenomenon that had not been observed before. Surprisingly, the enzyme displays the Cred1 and Cred2 signatures
whether it has been activated or not, showing that this activation process of the Ni-loaded Dv CODH is not asso-
ciated with structural changes at the active site.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Ni-containing Carbon Monoxide Dehydrogenases (CODHs) catalyze
the reversible conversion betweenCO andCO2 in some anaerobic bacteria
and archaea. These enzymes have been extensively studied in organisms
in which they play a key role in energy conservation and/or CO2 ﬁxation:
Moorella thermoacetica (Mt) [1,2], Carboxydothermus hydrogenoformans
(Ch) [3], for which the genome encodes for at least ﬁve different CODHs
(I–V) [4], Rhodospirillum rubrum (Rr) [5], and some methanogenic ar-
chaea [6].
The function of CODH is dependent on a protein partner, which im-
poses the direction of the reaction (CO oxidation versus CO2 reduction).
In Mt and presumably in Ch (CODH-III), they are associated with an
acetyl-CoA synthase (ACS) to form a protein complex designated CODH/
ACS, in which the CO produced at the CODH active site is condensed at
the ACS active site with a methyl group to form acetyl-CoA [7], the latter
being a precursor of cellular biomass formation and an energy carrier forse;Mt,Moorella thermoacetica;
m rubrum; ACS, Acetyl-CoA syn-
ulfovibrio fructosovorans; NaDT,
.ATP synthesis. In contrast, in Rr and Ch (CODH-I), the CODH works in
concert with a membrane-bound hydrogenase to generate a proton
motive force by coupling CO oxidation to H2 evolution [8–10]. For
the three other CODHs of Ch, other cellular functions (NADPH regen-
eration, oxidative stress response) have been proposed [4].
According to the X-ray structures of the enzymes fromMt, Rr and Ch
(CODH-II), CODHs consist of two intertwined monomers, and harbor
ﬁve metalloclusters of three different types (the two B-, two C- and
one D-clusters, Fig. 1) [11–13]. The B- and D-centers are [4Fe–4S] clus-
ters. Cluster D is coordinated by two cysteines from each monomer.
The C-cluster is a distorted Ni–3Fe–4S cubane coordinated to a unique
fourth iron (so-called ferrous component or FCII) and is the site of CO
and CO2 binding and activation [14]. X-ray Absorption Spectroscopy
experiments on the Ct enzyme have demonstrated that the nickel ion
remains in the low-spin Ni(II) oxidation state when the enzyme is as-
prepared or reduced by CO or titanium citrate [15]. The electrons pro-
duced at the C-cluster of one monomer are transferred to the shared
D-cluster through the B-cluster of the other monomer (Fig. 1). The pre-
cise chemical structure of the C-cluster was a subject of controversy in
the 2000s, disagreements bearing on the nickel coordination and the
presence or absence of an essentialﬁfth sulﬁde ligand bridging the nick-
el and the unique iron [11–13,16]. Nowadays, it is generally accepted
that the catalytic form of the active site does not contain a 5th sulﬁde
ligand [14,17,18].
Fig. 1. Structure of the homodimeric Ni-containing CODH-II from Ch (pdb accession num-
ber 1SU8). Each subunit (in red and cyan) contains a C-cluster (C and C′) and a [4Fe–4S]
cluster (B and B′). The interfacial [4Fe–4S] D-cluster (D) is ligated by two cysteines of
eachmonomer. The monomers are intertwined so that the B-cluster of the one monomer
receives or gives electrons to the C-cluster of the other monomer. Inset: Structure of the
Ni–4Fe–4S C-cluster. The iron atoms are in orange, the sulfur atoms in yellow and the
nickel atoms in green.
Fig. 2. (A) Western blot analysis of soluble extracts from Df MR-400 strains harboring
pBGCooS and pBGCooSC using anti-streptag antibodies. (B) SDS-PAGE of the puriﬁed en-
zymes (8 µg CooS and 10 μg CooSC).
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the 2000s [19–21], it has been accepted that the catalysis involves the
reductive conversion of the inactive EPR-silent Cox state to two EPR-
active forms of the active site: Cred1 (one-electron reduced) and Cred2
(isoelectronic with or two-electron more reduced than Cred1). These
signals presumably originate from a Ni(II) ion (S= 1) coupled antifer-
romagnetically to a paramagnetic [4Fe–4S]1+ cluster (S = 1/2) [22,
23]. However, the exact electronic and geometric nature of these inter-
mediates is still under discussion [14,17,18,24,25].
The function of the accessory proteins, CooC, CooF, CooJ and CooT, in
the maturation of the complex C-cluster has also been studied. The role
of these proteins is unclear because the corresponding genes are not
always present in the CODH operons. For example, the unique CODH
operon of Rr contains the four cooC, cooF, cooJ and cooT genes [26,27]
but, in contrast, none of them is present in the Ch CODH-V operon [4].
It has to be noted that the Ch genome encodes for four other CODHs
and that cooC and cooF are present in other CODH-associated operons,
suggesting that these proteins may be involved in a general maturation
machinery available for the maintenance of all CODHs [4].
CooC is the most studied of the accessory proteins of the CODH and
its putative role is to favor the insertion of nickel into the protein. In-
deed, Rr strains lacking a functional CooC could only grow on CO in
the presence of a 1000-fold greater nickel concentration in themedium
than that required for the wild-type (WT) strain [27]. In agreement, the
Rr CODHproduced in the presence of a defective CooC is almost inactive,
has low nickel content and is partially reactivated upon addition of
exogenous nickel (up to 15% of the activity of the WT enzyme) [28].
When the recombinant Ch CODH-I is co-produced in Escherichia coli
(Ec) with the Ch CooC3 protein encoded in the same operon, its nickel
content and activity increase together to the same extent (from 15% to
50% of the values of the native enzyme) [29]. Note, however, that the
recombinant Ch CODH-II and Ct ACS/CODH are Ni-loaded and active
when heterologously produced in Ec in the absence of the accessory
genes [12,24,30,31]; in these cases the lack of CooC is probably compen-
sated by the addition of NiCl2 in the growth medium.CooC from Rr and CooC1 from Ch are dimeric ATPases [28,32,33], but
the precisemechanism bywhich they facilitate nickel insertion into the
CODH active site remains unclear. Two scenarios have been proposed.
Initially, Jeon et al. proposed that Rr CooC, which contains less than 0.1
nickel per dimer after puriﬁcation [28], acts as an essential chaperone
for the proper folding and assembly of a C-cluster ready to incorporate
free nickel. However, later observations by Jeoung et al. rather showed
that the Ch CooC1 is a dimer binding nickel with nanomolar afﬁnity,
thus raising the alternative possibility that CooC donates nickel to Ni-
free CODH [32,33].
Desulfovibrio vulgaris (Dv) contains an annotated CODH operon
containing two genes that encode for the CODH enzyme (cooS) and a
maturase (cooC) [34] but these enzymes have not been characterized
so far. The CO-dependent expression of this operon is regulated by a
transcriptional regulator (CooA), the encoding gene of which is located
upstream [34]. Although Dv does not grow on CO as sole energy source,
Dv is able to consume exogenous CO [34] and to produce CO under cer-
tain conditions [35]. Dv CooS shares between 28 and 47% identity with
the Mt, Rr and the ﬁve Ch homologs, suggesting a similar overall fold,
metalloclusters' structure and mechanism. By analogy to the Ch and Rr
enzymes, Dv CooC is most likely involved in the insertion of nickel
into the C-cluster of Dv CODH.
In this paper, we describe and employ a new recombinant system
allowing for the explicit study of the Dv CODH produced both in the ab-
sence and presence of CooC. The two enzyme forms designated as CooS
and CooSC, respectively, are compared and characterized in terms of
their biochemical, kinetic and spectroscopic properties. The results con-
ﬁrm the essential role of CooC in the proper assembly of the active site of
the Dv CODH which exhibits the typical spectroscopic and kinetic
features of other well-characterized Ni-containing CODHs. However,
contrary to cognate CODHs, the already Ni-loaded enzyme activates
according to a Ni-dependent activation process which does not rely on
structural modiﬁcations at the active site.
2. Results
2.1. Biochemical characterization of CooS and CooSC
We puriﬁed two forms of the recombinant strep-tagged Dv protein
in Desulfovibrio fructosovorans (Df), produced either in the absence or
in the presence of CooC, designated CooS and CooSC. The two plasmid
constructs containing either cooS alone, or cooS and cooC in tandem,
are regulated under the control of the strong constitutive promoter of
the Df NiFe hydrogenase (hyn) operon. Western blot analysis using
anti-streptag antibodies (Fig. 2A) shows that the soluble fraction of
the cellular extracts of Df harboring either of the two plasmids contains
a strep-tagged protein of the expected molecular weight (monomer of
~67 kDa). The latter is signiﬁcantly more abundant when the enzyme
is produced in the presence of CooC than when it is produced without.
The SDS-PAGE in Fig. 2B shows that pure CooS and CooSC are collected
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tinely purify 100 to 200 μg of CooS and 300 to 600 μg of CooSC per
liter of Df culture. The two isolated enzyme forms had a brown color,
characteristic of iron–sulfur containing enzymes. The above observa-
tions suggest that the two protein forms are correctly folded and con-
tain the expected FeS clusters. The fully matured CODH theoretically
contains 2 nickel and 20 iron atoms per dimer. On the basis of ICP-OES
or ICP-AESmeasurements performed on six CooS and twelve CooSC sep-
arate preparations, we conclude that CooS contains 0–0.5 nickel and 15–
17 iron atoms per dimer whereas and CooSC contains 0.8–1.8 nickel and
16–21 iron atoms per dimer (Table 1).
Fig. 3 shows the UV–visible absorption spectra of the two puriﬁed
protein forms after they were subjected to different redox treatments.
Beside the typical protein peak at 280 nm, a pronounced broad shoulder
around 400 nm is observed bothwith CooS (Fig. 3A) andCooSC (Fig. 3B),
which is characteristic of the S-to-Fe charge transfer band in FeS con-
taining proteins [36]. This shoulder increases in intensity upon exposure
to air for 1 min and disappears almost completely upon reduction by
40 μM sodium dithionite (NaDT), as observed with the CODH from Rr
[37] and CODH-I and -II from Ch [31,38]. In CooSC, the absorption band
at ~400 nm also disappears upon treatment with CO, as described for
the Rr and Ch enzymes [31,38,39], demonstrating that the observable
reduction of the iron–sulfur centers must occur as a result of CO oxida-
tion at the active site. In contrast, the spectrumof the CO-treated CooS is
essentially identical to that of the as-prepared enzyme, showing that
unlike CooSC, CooS does not oxidize CO, even on the time scale of
minutes.
2.2. Kinetics of CooS and CooSC
Wemeasured the CO oxidation and CO2 reduction activities of CooS
and CooSC, usingmethyl viologen (MV) as an electron acceptor or donor
(Table 1).
After a lag of a few minutes, the as-prepared CooS preparations
exhibit a CO-oxidation activity (≤5 μmol CO oxidized·min−1·mg−1·
(unit·mg−1)) that is low compared to the previously published values
for other CODHs or to that measured for the as-prepared Dv CooSC
(vide infra) as shown in Fig. 4 and Table 1. This low activity is consistent
with the low nickel content of CooS (Table 1). However, neither incuba-
tion of CooS with up to 2.4 mM NiCl2 (0.44 μM enzyme for 1-60 min at
pH 8 and at room temperature) nor incubationwith 0–1.2mMNaDT for
up to 60min (reducing conditions) had any detectable effect on the ac-
tivity (Table 1).We investigated the effect of incubating CooSwith NiCl2
in the presence of NaDT, conditions under which the almost inactive Ni-
deﬁcient Rr CODH activates to reach CO-oxidation activity close to that of
theNi-loadedenzyme [37]. This treatmenthad a small impact onDvCooS,
the activity increasing maximally up to 60 units·mg−1 after 10–20 min
incubation with 1.2 mM NaDT and 2.4 mMmM NiCl2 at room tempera-
ture (Table 1 and Fig. 4). We observed no obvious correlation betweenTable 1
Metal content and activities of CooS and CooSC.
Metal content
(metal·dimer−1)
CO-oxidation rate (μmol·min−1·mg−1)
Enzyme Nickel Iron As-prepareda Ni-treated (10 min)b NaDT-t
CooS 0–0.5 15–17 ≤5 ≤5 ≤5
CooSC 0.8–1.8 16–21 160 ± 40 (lag phase) 120 ± 60 (lag phase) 160 ±
a Rate measured after autocatalytic activation in the solution assay in the presence of 2.4 m
b Rate measured after autocatalytic activation in the solution assay in the presence of 2.4 mM
enzyme has been incubated 10 min with 2.4 mM NiCl2.
c Rate measured after autocatalytic activation in the solution assay in the presence of 2.4 mM
enzyme has been incubated 10 min with 1.2 mM NaDT.
d Initial rate measured at pH 10 and 37 °C in the presence of 2.4 mMMV after 10 min Ni/Na
e Initial rate measured at pH 8, no activation was observed in this solution assay.
f This variability is due to the fact that uponNi/NaDT treatment, the peak of activity is reached a
reasons, wemeasured the activity at t=1.5, 10, 20, 30, 45 and 60min of theNiCl2, NaDT andNi/N
at the time of activity measurement. Thus, the rate range we report here reﬂects the variability othe CO-oxidation rate and the initial Ni-content of the CooS prepara-
tions neither before nor after nickel, NaDT or Ni/NaDT treatments. In-
deed, for example, values in the range 45–60 units·mg−1 were
measured with three preparations containing 0, 0.1 and 0.5 nickel
per dimer after Ni/NaDT treatment.
Regarding CooS, we could detect a CO2 reduction activity neither
prior nor after incubation with nickel and NaDT (Table 1).
Fig. 4 shows that the as-prepared CooSC (that has a substochiometric
nickel content, Table 1) catalyzes the CO-dependentMV reduction after
a lag of about ten to several tens of seconds.We ruled out the possibility
that this lag is the result of oxidation of reducedMVby trace amounts of
O2 in the cuvette of assay at the beginning of the reaction, despite the
fact that we carried out all experiments in an anaerobic glove box. We
partially pre-reduced the reaction mixture with NaDT prior to injecting
the enzyme and CO (so the initial OD600nmwas 0.05–0.1 because of par-
tial MV reduction). There was no observable effect on the lag,
conﬁrming that this behavior is not related to O2 interfering with our
assay. A similar lagwas also reported for theRr CODHunder similar con-
ditions and was referred to as an “autocatalytic activation” of the en-
zyme [19,21]. In the experiment in Fig. 4 (black trace), the rate of CO
oxidation progressively decreases to zero as CO is being consumed.
After a second injection of CO (at time 2.4 min), there is no lag and
the slope increases, indicating a slow activation of the enzyme during
the time-course of the assay. The activity we measured for all the prep-
arations after the second injection is 160 ± 40 units·mg−1. This vari-
ability is typical of the values measured for independent preparations
and of the values measured for a single preparation. We found no obvi-
ous correlation between the initial Ni-content of the preparations and
the activity: a preparation containing 1.8 nickel per dimer is not neces-
sarily twice more active than a preparation with half this Ni-content
(compare for example preparations 1 and 3 in Table S1).
We further examined whether pre-incubation with NaDT had an ef-
fect on the activity of CooSC (0.44 μMenzymewith 0 to 1.2mMNaDT for
up to 60min at pH 8 and room temperature). This treatment did not re-
move the lag and had no substantial effect on the CO-oxidation rate in
almost all the preparations. Only in some cases (see for example prepa-
ration no. 3 in Table S1) the activity increased slightly by a factor of ~1.5,
after 10min of incubation with 1.2mMNaDT. Thus, themere reduction
of the enzyme does not activate CooSC.
Because a fraction of the enzyme does not contain nickel (Table 1),
we considered the possibility that exogenous nickel may increase
enzymatic activity. Preincubating CooSC (0.44 μM) with variable
concentrations of NiCl2 (0–10 mM) for 1–60 min at pH 8 and at room
temperature had a measurable effect neither on the CO-oxidation rate
of CooSC nor the lag phase (Table 1).
Only incubation of CooSC with NiCl2 under reducing conditions
(NaDT) led to the disappearance of the lag phase and to a faster
CO-oxidation reaction. We have measured the activity of Dv CooSC
after incubation in the presence of NiCl2 and NaDT (0.44 μM enzymeCO2-reduction rate
(μmol·min−1·mg−1)
reatedc (10 min) Ni/NaDT-treatedd (10 min) As-preparede Ni/NaDT-treatede
4–60 0 0
20 (lag phase) 1660 ± 340f (no lag phase) 0.15 ± 0.05 1.4 ± 0.6
M MV at pH 10 and 37 °C after two injections of 25 μL of a CO-saturated solution.
MV at pH 10 and 37 °C after two injections of 25 μL of a CO-saturated solution, after the
MV at pH 10 and 37 °C after two injections of 25 μL of a CO-saturated solution, after the
DT-treatment (2.4 mM NiCl2 + 1.2 mM NaDT).
fter a time that varies from one experiment to another, in the range 10–20min. For technical
aDT treatments, and itmay be thatwe havemissed the actual activity peak if it does not occur
f the values we measured after the enzyme has been activated for 10 min.
Fig. 3.UV–visible absorption spectra of puriﬁed CooS (A) and CooSC (B) at 2.95 μM in 0.1M Tris–HCl pH 8.0. Conditions for each curves: as-prepared (black, plain line); CO-treated (black,
dotted line); dithionite-reduced (gray, plain line); air-exposed (gray, dotted line).
1577J. Hadj-Saïd et al. / Biochimica et Biophysica Acta 1847 (2015) 1574–1583for 10–20min at pH 8 and at room temperature). As shown in Fig. 5, the
activity depends on the concentrations of NaDT (Fig. 5A) and of NiCl2
(Fig. 5B). The highest CO-oxidation rate was obtained by incubating
the enzyme (0.44 μM) with 2.4 mM NiCl2 and 1.2 mM NaDT. As
shown for one CooSC preparation in Figure S1, the activity depends on
the incubation time. The peak of activity is reached at a time that varies
from one experiment to another, but is always between 10–20min. The
activity decreases upon longer incubation. We have no clear explana-
tion for this decrease in activity. However,we have observed that during
activation (ie incubation of the enzyme with NaDT and NiCl2), the solu-
tion progressively turns dark, probably because of nickel sulﬁde forma-
tion due to reaction of NaDT with NiCl2, as described in Jeong et al. [40].
In consequence, the NaDT and NiCl2 concentrations decrease over time
and it may be that the optimal nickel concentration and/or the reducing
power required for keeping the enzyme in a fully activated state are not
maintained. Another possible explanation is that the enzyme either
adsorbs onto, or is trappedwithin the precipitate, resulting in a decrease
in the overall quantity of soluble enzyme. For practical reasons, wemea-
sured the activity at t = 1.5, 10, 20, 30, 45 and 60 min of the Ni/NaDT
treatments, and it may be that the actual activity peakwas not resolvedFig. 4. Absorption kinetic traces of the CO-dependent MV-reduction employing as-prepared
CooS (gray, plain line), Ni/NaDT treated-CooS (gray, dotted line), as-prepared CooSC (black,
plain line) and Ni/NaDT-treated CooSC (black, dotted line). MV reduction is monitored at
604 nm in a 1 mL-solution containing 0.1 M Tris/HCl pH 10, 2.4 mM MV and 25 μM CO
(25 μL of a CO-saturated solution injected just before enzyme addition at the time indicated
by the ﬁrst arrow). The same volume of CO-saturated solution is injected at the time indicat-
ed by the second arrow in the assay with as-prepared CooSC.if it does not occur at the time of activity measurement. In Table 1, we
report the average measured rate of CooSC after 10 min of activation
(1660 ± 340 units·mg−1). This rate range is comparable to the values
reported for Rr CODH (1200 to 7700 units·mg−1 at room temperature,
depending on preparation and on laboratory) [21,37,41] and the CODH-II
from Ch (1400 units·mg−1 at 30 °C, 923 units·mg−1 at 25 °C) [42,43],
after they have been puriﬁed, without any activation treatment.Fig. 5. Activity of CooSC as a function of the concentrations of sodium dithionite and NiCl2
used in the activation mixture. The CO-oxidation activity of CooSC was measured after
incubation of the enzyme for 20 min with (A) 2.4 mM NiCl2 and various concentrations
of sodium dithionite (in the range 0–10 mM) and (B) 1.2 mM sodium dithionite and var-
ious concentrations of NiCl2 (0–10mM). Each point is themean of the activities measured
in two independent experiments performed with one preparation of CooSC. The activity
was normalized with respect to the maximum value (i.e. at 1.2 mM sodium dithionite in
A and at 2.4 mM NiCl2 in B).
Fig. 6.X-Band CWEPR spectra of CooS (37 μM) as-prepared (A) and reducedwith 1.2mM
sodiumdithionite (B) and of CooSC (46 μM)as-prepared (C), reducedwith 1.2mMsodium
dithionite (D) and treated with 2.4 mM NiCl2 and 1.2 mM sodium dithionite (E). Experi-
mental conditions: T = 10 K, microwave power = 64 μW, modulation amplitude = 1.0
mT, microwave frequency = 9.480 GHz. The enzymes were treated with sodium
dithionite and/or NiCl2 for 25 min at room temperature. The top x-axis represents the g
values of the signals arising from the accessory reduced [4Fe–4S] B- and D-clusters and
the active site in the Cred1 or Cred2 state. The vertical dashed lines mark the position of
the g value that characterize the Cred1 (g=1.71) and the Cred2 (g=1.75) states. The aster-
isksmark the shoulder at g=2.06 ascribed to the reduced [4Fe–4S] clusters upon sodium
dithionite treatment of CooS and CooSC. The additional trace under the spectrum D is a
5-fold zoom of the latter in the 370–400 mT region to better show the Cred2 signal.
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(1660 ± 340 units·mg−1) are signiﬁcantly faster than those measured
after Ni/NaDT treatment of CooS (≤60 units·mg−1) and after NiCl2 and
NaDT treatments of CooSC (120±60 and 160±20units·mg−1, respec-
tively). We considered the possibility that this Ni-dependent activation
might result from the incorporation of exogenous nickel into the active
site of the Ni-devoid fraction of enzyme to obtain a homogenous en-
zymepopulationwith 2 nickel atomsper dimer, as demonstrated before
with theNi-deﬁcientRr CODH [41]. If a similar scenario applies to theDv
CooSC, compared to the sole NaDT treatment, we would have observed
the following: i) the preparations of CooSC with the highest Ni-content
(1.8 nickel per dimer) would have gained very little activity [+10%, cal-
culated from the ratio (2.0–1.8)/2.0] and ii) the activity of the prepara-
tions with the lowest Ni-content (0.8 nickel per dimer) would have
increased no more than 2.5 fold (=2.0/0.8). This is not what we saw:
the activity of the different preparations of CooSC was always within
the range we report after Ni/NaDT treatment, irrespective of the initial
Ni-content. For example (see in Table S1), the preparations 1 and 4 con-
taining 0.8 and 1.8 nickel per dimer, respectively, have similar activity
after NaDT treatment (~180 units·mg−1) and after Ni/NaDT treatment
(~2000 units·mg−1). This demonstrates that the Ni/NaDT activation of
the enzyme cannot be a mere consequence of nickel insertion in the
fraction of enzyme that does not contain nickel.
As-prepared CooSC catalyzes CO2 reduction at a rate of 0.15 ±
0.05 μmol CO2 per min per mg of protein (units·mg−1). After incu-
bation with NiCl2 under reducing conditions (NaDT) using the pro-
tocol described above, this rate increases almost ten-fold, to 1.4 ±
0.6 units·mg−1 (Table 1), which correlates well with the analogous
CO-oxidation assays (vide supra). These values are smaller than
those published previously for the Ch CODH-II (16.9 units·mg−1 at
25 °C, pH 7.5 and 50 mM NaHCO3) and the Rr CODH (30.1 u·mg−1,
25 °C, pH 7.5 and 5 mM NaHCO3) [31,44].
2.3. EPR characterization of as-prepared and dithionite-reduced CooS and
as-prepared, dithionite-reduced and Ni-activated CooSC
The CooS (37 μM dimer) and CooSC (46 μM dimer) samples
employed for characterization by EPR spectroscopy were puriﬁed
under anaerobic conditions in the presence of 2 mM NaDT, like all
other samples in this study, and NaDT was removed by gel ﬁltration.
The CooS sample contained no detectable nickel and 17 iron atoms
per dimer, and had low activity, whereas the CooSC sample (prepa-
ration no. 1 in Table S1) contained 0.8 nickel and 20 iron atoms per
dimer. After 10 min of Ni/NaDT treatment, their activity was within
the range reported in Table 1. The identity and concentrations of the
paramagnetic species in the EPR spectra of the CooS and CooSC sam-
ples are collected in Table 2.
The CW EPR spectrum of as-prepared CooS displays a signal with
apparent g-values [2.03, 1.94, 1.89] (gav ~ 1.95) (Fig. 6A) that are charac-
teristic for reduced [4Fe–4S]1+ clusters. This signal is readily observed
up to 33 K and exhibits a relaxation behavior that is not entirely typical
for classical [4Fe–4S]1+ clusters, but is similar to that observed previ-
ously for Mt CODH and Rr CODH (g-values and relaxation properties)Table 2
Apparent g-values and spin quantiﬁcation (paramagnetic clusters/dimer) of CooS and CooSC det
dimer. CooSC contains 0.8 nickel and 20 iron atoms per dimer. nd: not detected.
Enzyme and treatment Spin content (spin·dimer−1)
Accessory [4Fe–4S] B- and D-clusters [2.03, 1.94, 1.89] (gav ~
As-prepared CooS 0.6
NaDT-treated CooS 2.6–2.8 (shoulder at g = 2.06)
As-prepared CooSC 0.7
NaDT-treated CooSC 2.7–2.9 (shoulder at g = 2.06)
Ni/NaDT-treated CooSC 3.3[45,46]. This similarity together with the existent X-ray structures are
consistent with the presence of tetranuclear FeS clusters [11,13,24].
Quantitation yielded 0.6 reduced clusters per dimer (Table 2). A sharp
feature observed in almost all of the spectra at g ~ 2 in Fig. 6 corresponds
to a small amount of an unknown radical-like impurity and will not be
further considered.
Upon reduction of CooS with NaDT (Fig. 6B), the signals of the
[4Fe–4S]1+ clusters become more intense and slightly more complex,
as an additional shoulder at g ~ 2.06 is detected. These signals are similar
to those reported for CooSC (vide infra), for theMt CODH-II poised at
−640 mV [45] and the NaDT-treated, Ni-deﬁcient C531A variant of
Rr CODH [46]. Quantitation of these signals yielded 2.6–2.8 reducedected under different conditions. CooS contains no detectable nickel and 17 iron atoms per
1.95) C-cluster
Cred1 [2.02, 1.90, 1.71] (gav ~ 1.88) Cred2 [1.97, 1.87, 1.75] (gav ~ 1.87)
nd nd
nd nd
0.74 nd
nd 0.2
0.74 nd
Fig. 7. Extraction of pure Cred1 signal. (A) X-Band CW EPR spectra of as-prepared CooS
(37 μM, dashed line) and CooSC (46 μM, plain line). (B) Reference spectrum for the Cred1
signal corresponding to 31% of the CooS spectrum that was subtracted from the CooSC
spectrum. Experimental conditions: T = 10 K, microwave power = 200 μW, modulation
amplitude = 1.0 mT, microwave frequency = 9.480 GHz.
Fig. 8. CooC-dependent maturation and activation of the Dv CODH produced in Df. Only
the CODH monomer is represented. Top: the C-cluster of CooS (white circle) produced
in the absence of CooC does not fold in a conformation allowing binding of nickel either
in vivo or in vitro. Bottom: CooC drives the folding of the C-cluster of the CODH in a confor-
mation that allows binding of nickel in vivo (white square). The C-cluster of the fraction of
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on cognate CODHs, we consider as likely that these [4Fe–4S]1+ signals
arise from the two B-clusters and the D-cluster [46,47]. The CooS sample
treated with dithionite did not exhibit any signals in the low-ﬁeld region
g= 4–6, that would have indicated the presence of higher spin states of
the [4Fe–4S]1+ clusters (e.g. S= 3/2).
The spectrum of as-prepared CooSC is more complex than that of
CooS. It is composed of two distinct overlapping signals corresponding
to two magnetically non-interacting S= 1/2 species (Fig. 6C). The ﬁrst
signal with gav ~ 1.95 is identical to that detected in CooS and is there-
fore ascribed to reduced [4Fe–4S]1+ centers, amounting to 0.7 para-
magnetic clusters per dimer. The second signal, which is not detected
with CooS (Fig. 6C), has apparent g-values [2.02, 1.90 and 1.71] (gav ~
1.88), exhibits a faster relaxation and is practically undetectable at tem-
peratures above 30 K (data not shown). A ‘reference’ spectrum for this
species could be constructed by subtracting the contribution of the
gav ~ 1.95 signal (Fig. 7). The resulting signal is similar to that reported
for the Cred1 state: the one-electron reduced form of the EPR-silent inac-
tive Cox state of the Ni-containing C-cluster, which is proposed to be the
state that reacts with CO during catalysis [18,21,24,25]. The conﬁgura-
tion of Cred1 has been formally described in Rr CODH as a low-spin
Ni(II) (S = 1) antiferromagnetically coupled to a S = 1/2 [4Fe–4S]1+
cluster [23]. The same signal was also observed in NaDT-treated Mt
CODH [45]. Quantitation of this component yielded 0.74 Cred1/dimer.
Taking into account the nickel content (0.8 nickel/dimer), we conclude
that most of the enzyme fraction containing nickel is in the Cred1 state
under these conditions.
After treatment of CooSC with NaDT, the Cred1 EPR signal disappears
and is replaced with signals corresponding to reduced [4Fe–4S]1+ clus-
ters, similar to those detected in CooS in Fig. 6A (Fig. 6D). An additional
feature is present at g = 1.75, but the other two components of this
spectrum cannot be discerned due to the overlap with the [4Fe–4S]1+
signals. This signal is similar to that previously described as Cred2 signal,
with g-values [1.97, 1.87 and 1.75] [22,45] and amounts to 0.2 Cred2/
dimer. The Ni-deﬁcient portion of C-clusters of CooS and CooSC may be-
have as ‘typical’ [4Fe–4S] clusters in the reduced state with a ground
state of S = 1/2, or as previously proposed of S = 3/2. In the present
study, however, no high-spin S= 3/2 signals were detected. A deﬁnitive
assignment of the FeS cluster signals (gav ~ 1.95) to the speciﬁc Fe-
containing clusters in Dv CooSC cannot be unambiguously made, because
the signals cannot be simply deconvoluted by studying their temperature
dependence. Collectively, all signals corresponding to the FeS clusters ap-
peared to have similar relaxation properties, apart from the feature at 2.06
that was not detectable above 20 K (data not shown).
When CooSC was treated with NaDT and NiCl2, the EPR spectrum of
the [4Fe–4S]1+ clusters appeared less complex than that observed in
the NaDT-treated sample (Fig. 6E), with the low-ﬁeld shoulder at 2.06
being absent. This [4Fe–4S]1+ signal is characterized by apparent
g-values [2.04, 1.94 and 1.90] (gav ~ 1.96) and corresponds to 3.3
[4Fe–4S]1+ clusters/dimer. The Cred1 signal is still present under
these conditions (in contrast to NaDT-treated CooSC) and quantiﬁcation
on the basis of its 1.70 component yielded 0.74 Cred1/dimer (essentially
identical to that measured in as-prepared CooSC). Therefore, treating the
as-prepared sample with NiCl2 and NaDT does not appear to diminish
the Cred1 signal as opposed to treating the sample with NaDT, which
makes the Cred1 signal vanish.
3. Discussion
Here we designed and used a heterologous overexpression system in
whichDv CODH can be produced in the absence or presence of CooC, and1 The higher amount corresponds to the case the signal at g ~ 2.06 was included in the
numerical integration of the simulated spectra, as part of the reduced clusters, an assump-
tion that is substantiated by previous studies on cognate CODHs and the temperature de-
pendence of the EPR spectra.we employed a combination of kinetic and spectroscopic techniques to
characterize the two forms of the enzyme. This study has allowed us to
conﬁrm the importance of CooC for improving the in vivo incorporation
of nickel into the active site of the CODH and to highlight an unexpected
Ni-dependent activation process of the Ni-loaded CODH. Fig. 8 summa-
rizes the effect of CooC and exogenous nickel deduced from our results.CooSC containing nickel is in the Cred1 state and partially converts into the Cred2 state upon
reduction. Subsequent in vitro incubation with NiCl2 under reducing conditions promotes
activation of CooSC. This activation includes 1) the insertion of nickel in theNi-devoid frac-
tion of enzyme and 2) a putative structural eventwhich does notmodify the spectroscopic
properties of the active site.
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produced in the absence of CooC is almost inactive in the as-prepared
state and contains only up to 0.5 nickel per dimer, demonstrating that
CooC is important for the in vivo insertion of nickel into the active site
of CooS. The CooS sample characterized by EPR in this study contained
no nickel and showed no Cred EPR signals in both the as-puriﬁed and
NaDT-treated conditions. This result is fully consistent with the assign-
ment of the Cred1 and Cred2 signals to the different redox states of the
fully mature NiFeS active site. Moreover, the detected [4Fe–4S]1+
signals are very similar to those observed in related CODHs and in Dv
CooSC. These FeS clusters are partially reduced in the as-prepared
sample and almost fully reduced in the NaDT-treated sample. In
NaDT-treated CooS, we also observed a shoulder at g = 2.06 which
has been previously ascribed to originate from magnetically interacting
[4Fe–4S]1+ clusters [22].
Our results show that the synthesis of Dv CooS in the absence of the
accessory protein CooC in an organism grown in a medium containing
nickel results in an almost inactive, Ni-depleted CODH. Moreover, we
found no in vitro procedure that can signiﬁcantly activate CooS (e.g.
the activity does not change after incubation with NiCl2 alone and
remains lower than 60 units·mg−1 after incubation under reducing
conditions with exogenous nickel). Our results are consistent with
those obtained with the Rr enzyme: the Rr CODH produced in the pres-
ence of ATPase-defective CooC has low Ni-content (15% of that of the
native enzyme), low activity, and can be activated only slightly by exog-
enous nickel [28]. Our study supports the idea that in vivo interaction of
CooS and CooC is essential for nickel insertion. Contrary to the most re-
cently published hypothesis [33], our results do not support the idea
that CooC takes nickel in charge to donate it to Ni-free CODH. The obser-
vation that Ni cannot be incorporated into CooS favors the hypothesis
that CooC folds the active site of CooS to allow subsequent nickel inser-
tion, as proposed by Ludden and colleagues [28].
CooS produced in the presence of CooC (CooSC). The Ni-content of
CooSC ranges from 0.8 to 1.8 nickel per dimer depending on the prepa-
ration. However, the puriﬁed enzymes are not initially fully active.
Indeed, in the presence of CO and oxidized MV, we observed a lag
phase during which the enzyme slowly activates. The activity measured
after two injections of COwas always in the range 160± 40 units·mg−1,
for all preparations, irrespective of Ni-content. A lag was also observed
with the as-isolated and thionin-oxidized Rr enzyme [19–21] andwas at-
tributed to an autocatalytic activation. Feng and Lindhal proposed that
this behavior reﬂects the one-electron Cox-to-Cred1 reduction but no EPR
experiments were performed to ascertain that activation correlated
with such transformation [21]. The EPR experiments carried out in the
present study show that the fraction of the enzyme that contains nickel
in the as-prepared sample, which is initiallymostly inactive, is almost en-
tirely in the Cred1 state, arguing against the scenario that the autocatalytic
activation that we observe (Fig. 4) results from the transformation of the
active site fromCox to Cred1. Heo et al. suggested that this autocatalytic be-
havior results from the one-electron reduction of the Cred1, presumably
inactive state [19]. However, our observation that theNi/NaDT-treated en-
zyme is active with no lag and exhibits a signiﬁcant proportion of Cred1
EPR signals does not support Heo's hypothesis either. To addresswhether
the autocatalytic behavior is related to the reduction of the enzyme, we
incubated CooSC with NaDT, CO, reduced MV, CO + reduced MV (assay
conditions) but, in contrast with the reports of Ludden and Lindhal
[19–21], we observed that these reductive treatments have no signiﬁcant
effect on the kinetic behavior of Dv CooSC. Though we have excluded
some existing hypotheses about the molecular basis of the autocatalytic
activation in the Dv enzyme, further investigations are required to delin-
eate theprecise underlyingmechanism,which, however, goes beyond the
scope of the present paper.
The mere reduction of the as-prepared CooSC with NaDT does not
signiﬁcantly change the kinetic behavior of the enzyme: a lag is still ob-
served and the CO-oxidation activity is in the range of that measured
with the as-prepared enzyme (~160 units·mg−1). However, the activesite is partially converted into the Cred2 state and the EPR signature of
the reduced [4Fe–4S] clusters, though not identical, reﬂects essentially
the same cofactor composition, except that a slight conformational het-
erogeneity disappears upon reduction. The observation that approxi-
mately three (in total) FeS clusters are found in the 1+ reduced state
in both the Ni-deﬁcient CooS and the Ni-loaded CooSC, suggests that
these clusters signals can be assigned to the three accessory cubanes,
namely the two B-clusters and the D-cluster.
The CooSC batches we prepared contained 0.8 to 1.8 nickel per
dimer, when 2 are expected. Incubation of CooSC with exogenous nickel
alone has no effect on the activity of the enzyme.We thus attempted to
reconstitute a fully Ni-loaded enzyme by incubating CooSC with NiCl2
under reducing conditions (Ni/NaDT treatment), to incorporate exoge-
nous nickel into the active site. A similar procedure was used by Ensign
et al. to incorporate nickel into the active site of the Ni-devoid CODH
from Rr [41]. We hypothesized that, compared to the control procedure
with NaDT alone, the gain of activity should depend on the initial
Ni-content. For example, we expected the activity to increase by a factor
of 1.1 for thepreparations containing 1.8 nickel per dimer (1.1=2 / 1.8)
and by a factor of 1.6 for the preparations containing 0.8 nickel per
dimer (1.6= 2 / 0.8). However, we observed that the activity systemat-
ically increased by a factor of ~10 after 10min of theNi/NaDT treatment,
irrespective of the initial Ni-content of the preparations. The average ac-
tivity we measured for all preparations (1660 ± 340 units·mg−1) is
comparable with those measured with the as-prepared Ch and Rr en-
zymes. We also observed that the Ni/NaDT treatment led to the disap-
pearance of the lag phase. This highlights a Ni-dependent activation
process which is more complex than the simple incorporation of nickel
into the C-cluster: clearly, the Ni/NaDT treatment that was believed to
activate the apo-enzyme by incorporating nickel also activates the en-
zyme that already contains nickel.
Ensign et al. reported different observations in previous studies of Rr
CODH: a reductant was required for the Ni-dependent activation of the
apo-CODH (i.e. the enzyme produced in the presence of functional CooC
but devoid of nickel) [41], but the activity of the holo-enzyme (i.e. fully
Ni-loaded CODH) did not change upon incubation with NiCl2 in the
presence of NaDT [48]. They interpreted this activation of the apo-
enzyme as the result of the sole incorporation of nickel into the active
site under reducing conditions. In the case of theDv enzyme, exogenous
nickel binds into the C-cluster of the Ni-devoid CooSC fraction but this
metal has also an additional impact on the Ni-loaded Dv CODH. These
distinct activation behaviors suggest that the maturation processes of
the Rr and Dv enzymes may be different. Alternatively, the Ni/NaDT
treatment may substitute for a step in the maturation process which
does not occur completely in our expression system.
The EPR experiments we carried out to study the effect of the
Ni/NaDT treatment on the paramagnetic centers of the enzyme have
shown that the C-cluster remains mainly in the Cred1 state and that all
three accessory FeS clusters are in the 1+ reduced state. It is intriguing
that the as-prepared and NaDT-treated enzymes are partially active
only after a lag: according to the existing proposed catalytic mecha-
nisms [14,17,18,25], their EPR signals correspond to redox states of
the metal centers that are relevant to catalysis (i.e. the accessory FeS
clusters in the oxidized and reduced state, and the C-cluster in the
Cred1 and Cred2 state). This suggests two nonexclusive scenarios: either
these redox states are not part of the catalytic cycle (as suggested for
Cred1 in some studies [19,20]) or an additional EPR-undetectable Ni-
dependent event occurs during the activation process. That the activa-
tion does not affect the EPR signatures of the C-cluster suggests that
the corresponding reaction does not change the immediate environ-
ment of theNiFe active site.We have recently observed a similar behav-
ior, where reductive activation has nomajor effect on the EPR signature
of the active site, in the case of a completely different metalloenzyme
[49]; the putative activationmechanism in that casewas that the activa-
tion results from the reduction of one of the ligands of the active site,
which increases the rate of intramolecular electron transfer, with no
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that a similar mechanism operates in the case of CODH.4. Materials and methods
4.1. Strains
E. coli (Ec) strain DH5α (F−, endA1, hsdR17(rK−mK+), supE44, thi−1,
λ−, recA1, gyrA96, relA1, Δ(argF− lacZYA)U169, φ80dlacZΔM15) was
used as a host for the construction of recombinant plasmids. The
cultures were routinely grown at 37 °C in Luria–Bertani (LB) medium
containing ampicillin at 100 μg.mL−1 or gentamycin at 20 μg.mL−1
when needed. Desulfovibrio fructosovorans (Df) strain MR400 (hyn::npt
ΔhynABC) carrying a deletion in the [NiFe] hydrogenase operon [50]
was grown anaerobically for 5 days at 37 °C in Fructose/Sulfate medium
as previously described [51]. Kanamycin at 50 μg.mL−1 was present
routinely, and gentamycin at 20 μg.mL−1 was added only when cells
harbored the plasmid pBGCooS or pBGCooSC.4.2. Cloning and expression
We designed two plasmids allowing for the expression of Dv cooS
alone (pBGCooS) or both Dv cooS and cooC (pBGCooSC) under the
control of the strong promoter of the Df [NiFe] hydrogenase operon by
using the pBGF4 plasmid, a shuttle vector of the pBM family, carrying
a gentamycin resistance gene [52], and which contains the hynABC
genes encoding for the two subunits of the Df [NiFe] hydrogenase and
a maturase, respectively. To remove these three genes, the plasmid was
digested by AgeI, the restriction site of which is located between the tran-
scription start site (+1) and the ribosome binding site sequence (RBS),
and KpnI, the recognition site of which is located downstream the stop
codon of hynC. Dv cooS (DVU2098) was ampliﬁed by PCR using
D. vulgaris str. Hildenborough genomic DNA and the primers pair:
CooSAgeIdir (5′-ggaaaccggtaaaacaaaggaggacgtttatgtggtcccacccgcagttc
gaaaagagttcttccaagacaatccgt-3′) and CooSKpnIrev (5′-gcatggtaccggg
aagtctgaaacggctaggatgtga-3′), the restriction sites are underlined. The 5′
extremity of the PCR product contains the AgeI site, the RBS, the start
codon and the sequence encoding a streptag, the 3′ extremity contains
the stop codon followed by the ﬁrst 15 base-pairs (bp) of the 84 bp
cooS–cooC intergenic region and a KpnI site created by the introduction
of a deliberate mismatch. This PCR product was ligated into AgeI/KpnI-
digested pBGF4 to yield plasmid pBGCooS. Dv cooC (DVU2099) was
cloned using the same template and the primers pair: CooCKpnIdir (5′-
ttccggtaccgaacgccggggggcgtctgccacacgccct-3′) and CooCKpnIrev (5′-
gcatggtaccggaagtctgaacggctaggatgtga-3′). The 5′ extremity of the PCR
product contains a KpnI site followed by the last 63 bp of the 84 bp
cooS–cooC intergenic region, the 3′ extremity contains the stop codon,
the 139 bp sequence downstream cooC and a KpnI site. This PCR
product was ligated into KpnI-digested pBGCooS to yield the plasmid
pBGCooSC. In consequence, in this plasmid the Dv intergenic cooS–cooC
region was slightly modiﬁed and the 139 bp sequence downstream
cooC is conserved. The recombinant plasmids were veriﬁed by
sequencing and introduced into the Df strain MR 400 by
electrotransformation.4.3. Western blot analysis
Soluble fractions (44 μg total proteins) of the cellular extracts of
Df harboring either of the two plasmids were applied to SDS-PAGE
(12% acrylamide) and transferred onto a nitrocellulose membrane.
The membrane was incubated with a mouse anti-streptag antibody
(IBA, 1/5000 dilution). Immunoblots were developed by using horserad-
ish peroxidase-conjugated rabbit anti-mouse antibody (IBA, 1/10,000
dilution) and followed by chemiluminescence detection.4.4. Protein puriﬁcation
Df cells producing CooS or CooSC were pelleted under aerobic condi-
tions by centrifugation, and the pellets were transferred in a Jacomex
glovebox (nitrogen atmosphere, b1 ppmO2). Except the determination
of metal analysis, all subsequent manipulations were carried out in a
glove box. Cells were resuspended in Tris/HCl 0.1 M pH 8 containing
2 mM sodium dithionite (NaDT) (buffer A) and broken by vortexing
the cell suspension with glass beads for 5 min (Ø 0.25–0.5 mm, Roth,
⅓ volume of the cell suspension volume). After centrifugation of the
disrupted cell suspension at 40,000 rpm for 60 min, the supernatant
was loaded onto a column of Strep-Tactin Superﬂow resin (h =
1.6 cm, diameter = 2 cm, IBA Lifesciences) equilibrated with buffer A
at 4 °C. After washing with buffer A, CooS or CooSC were eluted with
buffer A containing 2.5 mM desthiobiotin. Protein solutions were
desalted using 0.1 M Tris/HCl pH 8 using PD-10 columns (Pharmacia)
and kept at 4 °C under anaerobic conditions. The purity of the samples
was judged by SDS-PAGE (12% acrylamide). The concentration of pro-
tein samples was determined by amino acid analysis at the Integrated
Structural Biology Grenoble. The concentration of the samples prepared
for EPR spectroscopic studies was determined using the Direct Detect™
method (EMD Millipore), an infrared (IR)-based spectrometry system
for protein quantiﬁcation on the basis of the stretching vibrations of
the Amide I and II bands, located at the Huck Institute for Life Sciences
(The Pennsylvania State University).
4.5. Metal analysis
We determined the nickel and iron contents of most of the protein
samples (500 μL of 1–5 μMprotein solution) by ICP optical emission spec-
trometry (ICP-OES) using an iCAP 6000 spectrometer (ThermoFisher Sci-
entiﬁc). Iron and other trace metals in the samples of CooS and CooSC
employed for the EPR studies were quantiﬁed by inductively-coupled
plasma atomic emission spectroscopy (ICP-AES) by Mr. Henry Gong at
the Penn State Materials Research Institute.
4.6. UV–visible spectroscopy
We performed UV–visible spectrophotometry in a quartz cuvette
in the glove box at 25 °C using a Varian Cary 50 spectrophotometer
with a probe of 1 cm optical length. Spectra of CooS and CooSC (600 μL
at 2.9 μM in 0.1 M Tris/HCl pH 8) were recorded in the range of 250–
700 nm as prepared or after they have been treated with 40 μM NaDT,
exposed to CO for 2 min by ﬂushing the enzyme solution with a stream
of 1 bar CO, or exposed to air for 1 min. The CooS batch used for this ex-
periment contains 0.15 nickel and 17 iron atoms per dimer, the CooSC
batch contains 0.8 nickel and 19 iron atoms per dimer (preparation
no. 1 in Table S1).
4.7. Activation of the enzyme
We studied the effect of preincubating the enzymes under different
conditions on their CO-oxidation activity. We performed these experi-
ments under anaerobic conditions, in the glovebox, at room tempera-
ture in 1.5 mL Eppendorf tubes containing 25 to 100 μL of 0.44 μM
enzyme solution in 0.1 M Tris/HCl pH 8 in the presence of exogenous
nickel under reducing conditions or not, with 0 to 10 mM NiCl2 and/or
0 to 10 mM NaDT for 1–60 min. In the solution containing both NiCl2
and NaDT, a black precipitate formed, probably due to formation of
nickel sulﬁdes under basic conditions, as described previously [40]. A
control experiment performed in the absence of enzyme showed that
this precipitate has no CODH activity. We measured the activity after
1.5, 10, 20, 30, 45 and 60 min of treatment with either NaDT or NiCl2
and NaDT. For all the other treatments, we measured the activity after
10 or 20 min of incubation.
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Wemeasured the CO-oxidation and the CO2-reduction activities of
CooS and CooSC after incubation under the conditions described
above. We performed the assays in a glove box (under N2 atmosphere)
using a Varian Cary 50 spectrophotometer with a probe of 1 cm op-
tical length. CO-oxidation was assayed at 37 °C by monitoring the
reduction of methyl viologen (MV) over time at 604 nm (ε =
13.6 mM−1·cm−1) in a plastic cuvette. The reaction was initiated
by injecting 10 μL of pre-incubated enzyme in a bar magnet-stirred
1 mL solution containing 0.1 M Tris/HCl pH 10, 2.4 mM MV and
25 μM CO (25 μL of a CO-saturated solution injected just before enzyme
addition). CO2-reductionwasmeasured at 25 °Cwith the same apparatus
by monitoring the formation of carboxyhemoglobin at 433 nm (ε =
185 mM−1·cm−1) as described in ref [44]. The reaction was initiated by
injection of 10 μL of pre-incubated enzyme in the cuvette containing
1 mL of 0.1 M Tris/HCl pH 8 containing 0.1 mM EDTA, 10 mM NaHCO3
(CO2 source), 0.25mMMV, 2mMNaDT and 0.2mg hemoglobin. Speciﬁc
activities are expressed as μmol of CO oxidized or formed per min permg
enzyme (units·mg−1).
4.9. EPR spectroscopy
EPR spectra were acquired on a Bruker ESP300 CW X-Band spec-
trometer (operating at approx. 9.48 GHz) equipped with a rectangu-
lar resonator (TE102) and a continuous-ﬂow cryostat (Oxford 910)
with a temperature controller (Oxford ITC 503). Spin quantitation
was carried out relative to a 100 μM Cu2+-EDTA standard under
non-saturating conditions.
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